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ABSTRACT ol
5¢3%

Data from an experimental region based upon six is-
lands of the Windward Group in the West Indies, a research
vessel in the tropical Atlantic, an instrumented research
aircraft, and TIROS VI and VII are used to study the struc-
ture of a specific disturbance which moved through the
observational network during 15 and 16 August, 1963. Despite
the fact that an unusual variety and amount of data is avail-
able, difficulties are encountered when an attempt is made
to establish the physical and dynamic characteristics of the
flow field and the attendant cloud and rainfall patterns
associated with this disturbance. Taken individually, each
source of data is found to be either inadequate or, in the
light of other information, perhaps even misleading. When
all sources are treated collectively a number of interesting
features of the disturbance are illuminated. By and large,
these results bear little resemblance to conventional tropi-
cal models such as the easterly wave or equatorial vortex.

In fact, it is felt that this study demonstrates that a
necessary prerequisite to any modelling is quantitative
description from adequate and extensive correlated observa-
tions over a wide area and a deep layer. Lacking a continen-
tal sounding network in the tropics, the only avenue for

viii
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progress would appear to be specifically designed experi-
ments based upon a selected island network and incorporating

joint aircraft, oceanographic and satellite programs

ix




PURPOSE

The purpose of this program following upon the Field
Program [La Seur and Garstang, 1964] is to order and analyze
the data collected during that program. The original Field
Program was set up in such a way that an intensive study
could be made of tropical weather processes in a selected
region of the tropics. Within this region measurements were
obtained of the role and inter-relationship between turbulent
scales of motion associated with the transfer of latent and
sensible heat between earth-ocean and atmosphere, convective
scale motions and synoptic scale motions in the tropical
atmosphere. The program of analysis is then logically divi-
ded into (a) the ordering, verifying and tabulation of all
data; (b) the analysis of problems inherent in the above.
This report continues the study [see Garstang, 1965] of the
inter-relationship in the tropical atmosphere between the
different scales of motion. Here a particular synoptic scale
system is analyzed by utilizing various sources of data.

Some information is obtained on the structure of the system.
In particular, information is obtained on the distribution of
cloudiness, rainfall, vertical motion, divergence and

horizontal and vertical windfield.



1. INTRODUCTION

From 5 August to 5 September 1963, an intensive
observational program was undertaken on and in the vicinity
of Barbados, West Indies [13°10'N, 59°30'W], using a
research vessel, instrumented aircraft, and an island network
of surface observations and soundings. The motivation and
main results of this program have been reported on by La
Seur and Garstang [1964]. It was hoped to obtain concomitant
satellite pictures of the area for comparative case studies,
illustrating various types and stages of tropical distur-
bances. Unfortunately, satellite coverage only coincided
with four observing days, two of which were quite undisturb-
ed and uninteresting.

On 15-16 August, however, a disturbance passed through
the area which was recorded by ship, island stations, air-
craft and satellite photography. Despite these various
observational systems, subsequent analysis of the data fails
to provide a coherent picture of the structure of this
disturbance. Instead, what is most apparent are problems
in the interpretation of the various data, difficulties in
relating the different scales of motion that are being
observed by each system, and lack of any real physical

understanding of the weather phenomenon itself. From the
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outset then, the purpose of this paper is not to resolve
problems but to point out the need for and the difficulties
inherent in obtaining a quantitative description of low

latitude synoptic scale disturbances.



2. THE OBSERVATIONS

The entire area of interest is covered in Fig. 2,
frame 29, from TIROS VI orbit 4845 Tl taken at 1107 GCT
(0707 local time) 16 August 1963. The white dot labelled
"CRAWFORD" gives the location of the research vessel [13°N;
55°W]. This ship made radiosondes, frequent cloud photo-
graphs, upper winds, rainfall and numerous boundary layer
measurements [Garstang, 1964]. The location of Barbados is
given by the black dot. Guadeloupe is shown by the white
triangle, and Trinidad, at the intercept of 60°W and 10°N,
complete the experimental region. The research aircraft
made a photomapping flight as shown in Fig. 13. Figures 3
and 4 show TIROS VII pictures [frames 8 and 9, near 1401 GCT
on 16 August 1963] of the northwestern portion of the flight
track.

Table 1 summarizes, for the 16th August only, the

information supplied by the various observational systems.

2.1 Routine synoptic analysis

It is apparent from Table 1 that, for a disturbance
of this nature, very little information is obtained from the
standard synoptic observations. Routine techniques of
analysis and interpretation in the tropics of meteorological

observations depend largely upon the existence of marked

3
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Fig.l  Satellite picture (frame |12, 846/44) from Tiros 7 taken-at 1343.00
GCT (0943.00 loca! standard time) , August |5, 1963. Barbados shown by
large black circle, R.V. Crawford by white circle, Trinidad by outline,
Martinique by square, and Guadeloupe by triangle.




Fig. 2 Satellite picture (frame 29; 4845/4844) from Tiros 6 taken at 1107.30
GCT (0707.:30 local standard time), August|6,1963. Barbados shown by
large black circle, R.V. Crawford by white circle, Martinique by square,
Guadeloupe by triangle, and Puerto Rico by X.
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8
perturbations in the wind (pressure) fields. When such a
perturbation does not occur, the form of analysis in current
use is inadequate and little or no physical interpretation
1s possible.

Figure 5 provides some of the information that is
available on a routine basis at the surface. The map shown
is the standard analysis kindly provided by the U. S. Weather
Bureau at San Juan, Puerto Rico. The double hatched line is
the so-called "intertropical convergence" as analyzed at San
Juan.

Figure 6 shows the 200 mb chart. The main feature of
interest is the four southwesterly winds extending from west
to northeast of Barbados. They were measured by Doppler
radar on KLM westbound Flight 775 and, hence, are likely to
be reliable. They suggest the existence of a shearline (at
a high angle to cloud field of the disturbance) and possibly
an anticyclonic circulation at that level. The former would
suggest divergence over a limited region of the disturbance,
the latter divergence over a large region of the disturbance.!

The available time and data for these routine analyses
is obviously insufficient. The only information that is
supplied by routine synoptic analysis is that cloudiness and
precipitation increase over a significant area. Little

light is cast upon the structure of the system responsible

1 The word "disturbance" as used in this context refers to

the identifiable synoptic scale cloud region as shown by
TIROS VI frame 19 in Fig. 2.



Fig.3 Satellite picture (frame 8,861) from Tiros 7 taken at 1401 GCT (100! iocal
standard time), August 16,1963. Puerto Rico is shown by X, Guadeloupe
by triangle.




Fig.4 Satellite picture (frome 9,861) from Tiros 7 taken just after 140l GCT,
August 16, 1963. Puerto Rico is shown by X.
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for this weather and there is little evidence as to its size

or what its future development is likely to be.

2.2 Special island and research
ship observations

Figure 5 shows the experimental region enclosed by
the major triangle Guadeloupe/R. V. CRAWFORD/Trinidad with
Barbados at the common vertex of the interior triangles.
Four of the Leeward Islands are included in the network
along the western boundary of the region.

The upper air observations made as part of this
experimental network at Barbados and the R. V. CRAWFORD
allow the construction of time sections for both locations.
Cloud heights and the height of the 5 gm/kgm mixing ratio
line have been included in these time sections, shown in
Figs. 7 and 8. At the R. V. CRAWFORD, the cloud heights
were measured from carefully taken photographs, while on
Barbados they were determined from an M-33 radar. On these
time sections the passage of the disturbace is most clearly
marked by the cloud heights and the oscillations in the
height of the § gm/kgm mixing ratio line. There is little
evidence in the wind field to suggest any pronounced circula-
tion. The time change in direction of the light winds near
6 km may be associated with some perturbation but one cannot
infer from the cross-sections what this might be.

Some quantitative evidence on the structure of the

system is supplied by the network of upper wind finding
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stations. Table 2 shows divergence and vertical velocities
computed by a kinematic method for the four triangles shown
in Fig. 5, for the period 1% to 17 August 1963. Within the
limitations of this method of computing divergence and verti-
cal motion, the agreement between the aircraft cloud maps
[Fig. 141, and the satellite pictures [Figs. 1 and 21, is
quite good. At both 0000 and 1200 GCT on 14 August the most
equatorward triangle formed by the R. V. CRAWFORD/Barbados/
Trinidad shows low level convergence and mean vertical motion
in the lower 10,000 ft near 5.0 cm sec~l. The poleward tri-
angle formed by the R. V. CRAWFORD/Guadeloupe/Barbados shows,
in the mean, very weak convergence in the lower 10,000 ft at
0000 GCT on 14 August and actually shows weak downward motion
(much less than 1 cm sec-l) although the mean divergence
averages out slightly negative for the layer. By 1200 GCT
on 14 August low level divergence has set in with a downward
motion near 2 cm sec-l. The western triangle formed by
Barbados/Guadeloupe/Trinidad shows weak convergence and
vertical motion of about 2 cm sec~l during 1% August. By
15 August the equatorward triangle shows large vertical
motions exceeding 8 cm sec~l near the time of the satellite
picture shown in Fig. 1. Cloud photographs taken on the R.
V. CRAWFORD at 1200 GCT and 1300 GCT [nearly coincident with
the satellite picture on 15 August] shown on Figs. 9a and b
support these vertical velocities. The agreement between

the large vertical velocities at 1200 GCT and the satellite
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picture at 1343 GCT is not striking. It is suggested that
this may be due to the diurnal decrease of oceanic cloudiness
which reaches a minimum between about 1400 and 1500 GCT for
these latitudes [Garstang, 1958, 196u4]. Figure 9c¢ at 1400
GCT shows a similar decrease in cloudiness that need not
necessarily be a change in intensity of the system. The
poleward triangle continues to show descent and the western
triangle ascent during 15 August. Mean vertical velocities
slightly higher than 3 cm sec~l are obtained for the major
triangle at 1200 GCT on 15 August. On 16 August vertical
velocities in the equatorial triangle have decreased slightly
but increase markedly at 0000 GCT in the western triangle,
with increased descent in the poleward triangle. These
results are in good agreement with the location of the main
cloudy and clear regions as shown by both the satellite
photograph [Fig. 2] and the aircraft cloud map [Fig. 1ul].
By 17 August when few traces of the weather system remain,
divergence and vertical velocities reach their minimum in
all triangles.

The special island observations and the research ship
observations give little information on the organization of
the cloud fields on the meso- or synoptic scale. However,
there is little doubt that an organized atmospheric system
of a synoptic scale had been observed. Comparison of Figs.
9a, b and ¢ with Fig. 12b shows the contrast between "foul"

and "fair" days on a tropical ocean station. During the
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(a)

(b)

(c)

Fig.10 Sky conditions to south of R.V. Crawford position (55°W, I3°N)

on August 16, 1963 at (a) 1000 GMT, (b) 100 GMT; (c) 1200
GMT.
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early morning of 16 August Figs. 10a, b and c show that the
disturbance now lay to the south and west of the ship's
position and that the southeastern and eastern horizon was
now clear.

Considerable information is supplied by the island
rainfall network. Rainfall records on all of the islands
[except Guadeloupel] shown on Fig. 5 were utilized to obtain
a classification of "the state of the atmosphere". The
number of stations ranged from 90 for Barbados to 12 for
Trinidad [La Seur and Garstang, 1964]. A homogeneous set of
observations of 24 hour rainfall and occurrence and amount
was analyzed for each island for the period 1958 to 1962.
Two periods were examined: the months of February and Marcl
representative of the dry season; the months of August,
September and October representative of the wet season. For
each 24 hour period the ratio of the number of stations
recording rain to the total number of stations reporting
during that 24 hour period was obtained. This ratio was
then expressed as a percentage. Percentile intervals were
chosen and the number of days and amounts of rain in each
interval were tabulated. The amount of rain in each interval
was normalized by obtaining the mean amount of rain per
station per day over the whole wet or dry season period under
consideration. Frequency distributions of occurrence and
amount were then plotted for each island. It was found that

the southern group of islands - Barbados, Trinidad and Grena-
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Fig. 11.

(a)

(b)

22

Combined frequency distribution of occurrence
and amount of rain for the islands of Barbados,
Grenada and Trinidad for a five year period,
1958 to 1962. The solid line represents the
number of days (24 hours) on which precipitation
fell as a function of the percentage of the
stations recording rain out of the total number
of stations (126) reporting on that day. The
dotted line represents the mean amount of rain
per station per day computed from the total
amount of precipitation recorded in each ten
per cent interval.

Dry season: February and March

Wet season: August, September and October
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da - had similar distributions, while the northern group -

Martinique, St. Lucia and St. Vincent - were also similar.

Latitudinal, island and sampling effects can be called upon

to explain the similarities. Figures 9a and b show the mean

curves for the southern group of islands. On the basis of
these distributions the following arbitrary categories were
set up:

The occasions on which less than 55 per cent of the
stations recorded rain during the 24 hours were divided into
two categories:

i) Suppressed mode: on the average equal to or less than
15 per cent of the reporting stations record precipita-
tion during a 24 hour period. The term "suppressed
mode" implies that any and all processes contributing
to the production of cloudiness and precipitation in
the vicinity of the islands are inhibited.

ii) Neutral mode: on the average 16 to 55 per cent of the
reporting stations record precipitation during a 24 hour
period. Under these conditions cloud and precipitation
processes are neither inhibited nor enhanced.

When, on the average, more than 55 per cent of all
stations report rain in a 24 hour period, the island group
is thought to be under the influence of conditions which
actively produce cloudiness and precipitation. This mode is
then arbitrarily classified as disturbed and subdivided into

three sub-modes:
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iii) Weakly disturbed mode: on the average between 56 and 75
per cent of the stations reporting precipitation during
a 24 hour period.

iv) Moderately disturbed mode: on the average between 76
and 85 per cent of the stations reporting precipitation
during a 24 hour period.

v) Strongly disturbed mode: on the average more than 85
per cent of the stations reporting precipitation during
a 24 hour period.

It is important to emphasize that no attempt is made
with this system to classify the intensity of the disturbance
producing the weather - only the local weather condition it-
self is categorized. In fact, any connotation as to the
mechanism(s) producing the state has deliberately been
avoided. Experience would indicate that these influences
would range from the large scale, i.e., variations in the
characteristics of the subtropical anticyclones and trade
wind inversions, through the synoptic scale perturbations
such as waves and vortices, to the local effects of the is-
land itself. Furthermore, the interactions between these
various scales of influence are undoubtedly important.

Table 3 shows the frequency of disturbed, neutral and
suppressed conditions for both the southern group of islands,
and for Barbados alone. Eleven years of rainfall observa-
tions are used from the very dense network of stations on

Barbados, as against five years of observations used for the



island group.
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This provides both a check on the method as

well as establishing the fact that the dense network on

Barbados is probably a remarkably good gauge of the occurren-

ce and non-occurrence of organized weather.

TABLE 3

FREQUENCY OF MEAN MONTHLY DISTURBED, NEUTRAL AND
SUPPRESSED CONDITIONS PREDICTED BY THE RAINFALL

CLASSIFICATION METHOD FOR

(A) THE SOUTHERN ISLAND GROUP OF BARBADOS,
GRENADA AND TRINIDAD BASED ON FIVE YEARS
OF DATA FOR DRY SEASON (FEBRUARY, MARCH)
AND WET SEASON (AUGUST, SEPTEMBER, OCTOBER);
(B) BARBADOS BASED ON ELEVEN YEARS OF DATA FOR
DRY SEASON (FEBRUARY, MARCH) AND WET SEASON

(AUGUST, SEPTEMBER, OCTOBER)

Disturbed Neutral Suppressed
Modes III, Mode 11 Mode 1
. IV and V
slands/Seasons % of No. of % of No. of % of No. of
time days time days time days
per per per
month month month
Wet 56 17 28 9 16 5
Season
(A)
Dry 25 7 32 10 43 13
Season
Wet 57 17 28 9 15 5
Season
(B)
Dry 37 11 27 8 36 11
Season

The frequency of occurrence of each major category

agrees with other methods of counting the freguency of

synoptic scale systems [Garstang, 1964] and with experience

in the region.

On the basis that the average synoptic



(€964 ‘9l

(1S 00€}) Z 00LI

"onv)

S0Qveyve NO 30VW SHJVY90LOHd VH3WVD ANS 3T0HM

(LS 0024) Z 009}

o2l 9id

(LS 000})

Z 00vlt




(1871 00€}) Z 00L}

QHO4MVYD 3HL NO N3XVL S3¥N1JId VH3IWVI 3A3-HSIJ

(187 0024) Z 009!

‘q21 914

(LS 000+) Z 00¥b!

-27-




28

ATuo syjpaapuny Msj apow TRJIINDU-PaqANISTIPUN 8z isndny L1
youT z°0 3IS2Y3TH paqunisTp AT3uoais g8 3sndny g1  suoTiels (L
ATuo syjpsapuny M8 Spoui Tedainau-paqanisIpuf €h asn3ny G pPEepTUTJI]
SUOT3®1S
2WOS 3P YouT T < p2qanisTIp ATesM 99 isn8ny L1
SUOT1®1S
Aueuwt 1 YoUT T << paqunistp At3uoails gg asndny g1 SuoTiealsg Th
uoT3®e3ls T 3 Yout T paqanlsIp AT21ed9pOR £8 isndny GT PpRUBID
ATuo syjuo3l MadJ Spoul TeaInau-paqanisIpun €S isndny L1
Aep snoTa
-a2ad ueyl ssaT Yony paqanisTp ATXeoM Gg asn3ny 9T
SUOTI3}P3}S SWOS sSuoT3I®3ls L1
3® UYOUuI T URY} SJOW paqunisTp A7o31vaspoy LL isn3ny G1 anbrutiael
UoT3ie3s I e Yyout T pa2qunasTp AT>eoM €9 Isnsny L1
SUOT31P1S SWOS
3e YyouTr T UrYyl SAOK peqanistp At8uouaig hé isn3ny g1
SUOT1P1S SWOS
32 YOouT T UeBY]l SIOK paqanastp AT8uoaig h6 3sn8ny GT SuoTiels 91
JU3OUTA °3S
syipagapuny maj AT31sOl Spow [PIINBU-PIQANISTPUf Ge isn8ny (T
yout g*o o3 dn awog pPaqunistp AT8uoais $6 3sndny 9T
- yout . suotieas 26
G*0 UPY]} aJ0W DJUON paquniysTp AT231PJaapol Z8 isndny ST sopeqdaedg
SuoT1®elS
Siaruay Axo393e) JO 3uUeD0 asg a1e(q pueist

€96T ISNONV LT-ST °SANVISI QYVMANIM “TTIVINIVY

h JT4VL



29
disturbance produces abcut two rainy days, this would imply
that for this region during the wet season there are about
eight disturbances per month.

This classification is, therefore, applied to this
particular disturbance and Table 4 shows the results for all
islands used in the Windward group. On Trinidad, St. Vincent
and Martinique only a select group of stations were chosen
for analysis. Properly chosen, a few stations on a single
island will still give an adequate measure of "the state of
the atmosphere" once the limits have been chosen from a large
sample of data. Examination of Table 4 shows quite clearly
that this disturbance produced considerable precipitation
over at least a four degree latitude, six degree longitude
area. The R. V. CRAWFORD reported 0.195 inches on 15 August
(nearly all between 0400-0800 local time), 0.04 inches on 16
August, and no rain on 17 August. From Figs. 9a, b and c
éi;;{ﬂéi%ﬁéuéiaﬁdudiéiﬁibhiidn’1h’fhé’Vicinity*offthe»RT—¥r%f
CRAWFORD, it is clear that precipitation in the region of the
ship was widespread and the amounts pecorded on its rain
gauges are probably an underestimate of the precipitation
that actually fell over the nearby area. No quantitative
estimate could be made from the radar used on the ship but
the distribution of echoes both in space and time during
this period suggests that the above assertion is valid.

As with the cloud information supplied by the island/

ship network, the rainfall observations serve only to



,
140060l 0 HpuD ¢ sBe7 L4 OOGI D UMO|) 2 puD | SBATT “IS|DAIBUI BjNUIW
Ol ip apow sjuud woaj auop bBuipoy ‘sydosbojoyd mmao_vE: [DIJBD Yiim

asn Joj (b96l1) 1ys!y pup snyby Ag Apnys o14190d
dwps 8pod (syibip om} 10 Bu0) siaqunu 8pod Pnoid puo (sibip 4noj 199 ut)

10} pesiasp 4oy} so

sawy Buimoys }13p1osID YdiDasSas npaing JSYiDOM 3O xoo:,:mwm_ ‘9l isnbny ¢|°'6i4

oS -1 86 209 229 o9 099
.0l [ _ | [ I [ .ol
ed
OVOINIYL N
) | A
- | .%:6@ Lad 4
& |
5 90 b 931 ,
& L °
oll | 6 924} %o/owmw— “ , ToN_.
8 T, 9t} ,
PRET 6 T, 959! ’ |
6929} a
X 63" 550, ,,
B 9bLl . p |
auodmvyoy £ 6 ANFINIA |
Y M@ 4$
0 9G.LI i
|
obl H ¢ 931 3&3&%@ | Ho bl
0*908} |
: ,
9igl wao\zt&iﬁ ¢ 937
-£7 9281 9€8) OY8I 998l 9061 ik 9261 ocd oves |
i A R N\}Wm.m_ 9002 9102 9702
W , et "o - O \9g0?
VIININOG , m/
T/
091 H 7 @ w £39v0% |1 o,
*% ) 3dN0130vYN9 ’ _
% IM,QOWON
¥ 931
W J _\n
4
Q .
i -2
o8l H ,, e -8l
3000 ANOTD - .
‘ VRS o
96} 9 1SNonv , 01430
I I [ 1 ] I | ] T [ ]
o?ﬂ owm omm oow onf ovw oww

-30-



31
positively confirm the occurrence of an organized synoptic
scale disturbance. Questions concerning the structure of
the system, its forward propogation if any, and the con-
current question of development or decay with time, are left
largely unanswered. The question is raised whether the
intensity or strength of a system is best measured by cir-
culation or by the occurrence, amount and distribution of
cloudiness and precipitation. As far as the rainfall observa-
tions are concerned, "strongly disturbed" weather prevailed

over a large area for at least one day - the 16 August.

2.3 Research aircraft observations

One of the instrumented DC-6 aircraft of the U. S.
Weather Bureau's Research Flight Facility executed the
photo-reconnaissance track shown in Fig. 13. The times are
GCT. Since the flight was five to nine hours later than the
satellite picture in Fig. 2, no detailed correlation should
be expected. The comparative study carried out by La Seur
and Zipser [1964] shows that identification of individual
cloud features on both aircraft and satellite pictures is
generally only possible if the photographs coincide within
30 minutes or so. It is agreed, however, that useful com-
parisons of systems can be made at much larger time differ-
ences and we shall see that the overall correspondence of
what was seen by the aircraft and by TIROS is rather signifi-

cant.
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The aircraft photography was done by time-lapse (one
frame per second) 16 mm kodachrome movies. One camera was
aimed at 90 degrees to the left of the fusilage and the other
nearly straight forward (17 degrees to the right) from the
nose. First, prints were made at ten minute intervals and
arranged in strips along the flight track. The "Tropical
Whole Sky Code" developed by Malkus and Riehl [196u4] was
then readily applied. The code number is entered above each
time along the flight path in Fig. 13.

Codes 9 and 8 (eastsoutheast of Barbados) denote
"swelling cumulus" not cumulonimbus, the former with upper
sheets from broken to overcast, the latter with upper cloudi-
ness less than broken. In the Caribbean (at latitude 15N)
codes 10 and 11 indicate cumulonimbus in mainly clear skies;
there were, in fact, only about 4-5 active cumulonimbus
towers in view of the aircraft (within about 100 nautical
miles of the flight path). The most disturbed-looking region
is that coded as 12, where a few cumulonimbi penetrated an
apparently independent upper overcast.

None of the "strong disturbance" code numbers 13-16
appear. In contrast, about 20 of these numbers were recorded
on a track through a weak Pacific typhoon. Intensity of a
disturbance, if it is to assessed from this Whole Sky Code,
depends upon both the magnitude and extent of the code num-
bers. Comparing with numerous Pacific cases, we would be

forced from the Sky Code alone to call this disturbance
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"moderate" since it contained more and a bigger area of high
numbers than many "moderate intensity" disturbances analyzed
in the Pacific study [Malkus and Riehl, 196u4].

The final product of the aerial photographs is the
cloud map [Fig. 1#]. This was constructed as described by
Malkus and Riehl [1964] and in more detail in a manual by
Ronne [1959].

The orientation of cloud rows and anvils is particular-
ly informative. The "parallel mode" is clearly exhibited in
the small (<10,000 ft) trade cumuli near 15N, from 58W to
B60W longitude. The orientation is north of east, becoming
east as the island chain is approached; there is no indica-
tion of any south of east line-up.

A cross-wind mode is evident along the flight leg
extending eastsoutheast of Barbados. If we accept the shear
hypothesis of its orientation as developed by Malkus and -
Riehl [1964], this line-up is consistent with the wind field
prevailing at Seawell, Barbados at 1200 GCT (0800 local time,
see Fig. 8). This shows moderate (15-25 knots) easterly
trades through the lower cloud layer, with much weaker south-
easterlies above, giving a shear vector from roughly south-
west. It is a bit difficult to see, however, how this wind
field would have extended as far east as 57W around 1700 GCT,
as the cloud rows apparently did. This point will be checked
with the more accurate analysis of the flow field that is now

in progress at the Florida State University.
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A final orientation clue is provided by that of the
anvils between about 63W and 65W latitude. We see pronounced
westerly shear in this region, confirming the upper wester-
lies of Fig. 6. The change in orientation of the 40,000 ft
anvils from west to southwest suggests locating the upper
trough near 66W, as in Fig. 6. It is possible that over a
limited area of about two degrees by four degrees in the
region of high code numbers upper level divergence on the
equatorial side of the trough provided additional impetus to
the system.

However, the disturbance did not long survive its
passage into the Caribbean. Research flights in the same
region on the day following [Simpson, Simpson, Andrews and
Eaton, 1965] showed only slightly above normal activity.

The final interesting feature of the map in Fig. 14
is the unusual cloud configuration associated with the
Antilles. The three islands visible from the aircraft
(Dominica, Martinique and St. Lucia) have similar patterns
with small cumuli extending in a fairly triangular or peaked
pattern upwind and cutting off sharply on the lee side. The
only downwind cloudiness was aparallel cloud street to the
lee of Martinique, but it began rather far offshore to be
categorized as an island street. All of these islands are
mountainous, and possibly lee-side subsidence was responsible
for this downstream cutting off of lower cloudiness [Hosler,

Davis and Booker, 1963].
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The aircraft obervations succeed in delineating in
considerable detail the cloud distributions associated with
the disturbance. The cloud map of Fig, 14 provides both
perspective and detail which were lacking in the previous
observations. Some suspicion is raised by the aircraft
observations that perhaps the observed weather is not related
to a single atmospheric system. The group of cross-wind
cloud rows southeast of Barbados is quite comparable in
extent (about 250 miles) to several similar formations mapped
by Malkus and Riehl [1964] in the Pacific and associated
with a single identifiable disturbance. The group of cumulo-
nimbus towers in the Caribbean is about 300 miles away from
the western edge of the Barbados disturbance, or a distance
considerably greater than the dimensions of either group of
build ups. Therefore, some doubt is cast upon the initial
impression that a single synoptic system orientated west-

northwest/eastsoutheast propogates westwards.

2.4 Satellite observations

The following interpretation of the satellite observa-
tions on 16 August [Fig. 2] were kindly made by Dr. H. M.
Johnson of the U. S. Weather Bureau's Meteorological
Satellite Laboratory. In this interpretation quoted below
TOS means "TIR0OS observational scale", while AOS means
"aircraft observational scale":

1. "A light easterly trade flow is indicated at the more
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open conditions (TO0S) of large scale open bands near
57W, 8N tc 13N; and is also indicated elsewhere.
A sizable group of large (AOS) convective clouds, evi-
dently a group of cumulonimbus clouds, is in the region
of Barbados and the southern Lesser Antilles.
A prominent large (T0S) very open zone which is general-
ly about two degrees of latitude wide extends from east
of 50W, south of 15N to about 65W near 20N.
Martinique (square in Fig. 2) is under a large (AO0S)
cloud system. Dominica (see Fig. 13) and Guadeloupe
(triangle in Fig. 2) have a relatively small amount
(TOS) of island cloudiness, but of relatively large
vertical extent. Antigua (17N, 61 45W) is in the large
open zone as is Barbuda (17 40N, 61 45W) and has very
little evident (TOS) cloudiness, but does have some
island cumulus.
A very large (TOS) area of relatively open conditions
including many cloud lines and cloud bands in what
appears to be a generally southeasterly trade flow is
shown north of 15N and west of 55W.
An extensive area of more intense convective activity,
evidently also including cumulonimbus, is shown near
12N, 50W (on TIROS VI frames not reproduced here).
This disturbed area, the disturbed area near Barbados,
and the more open area between, of small cloud bands

(TOS) grouped into a system which is banded on a large
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scale (TOS), is significantly, bounded on the north by
the large open zone and bounded on the south by another
very open zone.,"

At the Meteorological Satellite Laboratory, efforts
are being made to categorize and classify tropical storms
from the pictures alone, particularly with respect to inten-
sity and relation to surface winds. A classification scheme
for sub-hurricane disturbances has been offered by Fett
£1964]. Using his criteria, we find our "storm" in the
weakest category (A). This category is described as follows:

"Tropical disturbance - Rotary circulation slight or

absent on the surface but possibly better developed aloft.

No closed surface isobars, no strong winds (<20 knots) . . .
In this phase of development, the outstanding characteristic
apparent from the satellite photographs is that of enhanced
convection throughout an overcast or nearly overcast area of
irregular shape and dimensions . . . Spiral banding . . . 1is
normally not accentuated enough to determine a center of cir-
culation from the satellite photographs."

Figure 2 shows a disturbed region quite similar in
appearance to a case used by Fett to illustrate the weakest
end of his category (A). From this we, therefore, conclude
that this weather system would, on the basis of satellite
observations, be classified as weak even though it is not
adequately covered by the definition quoted above covering

the weakest category.
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The information supplied by the satellite observation
alone is, therefore, primarily concerned with the large
scale features. It is difficult to infer any reliable
information from these satellite pictures, as to the struc-
ture and dynamics of this weather system. On the contrary,
some of the inferences made from the satellite pictures
alone appear to be in conflict with other observations.
However, had adequate coverage existed such that continuous
pictures could have been obtained on 15 and 16 August, and
alsc on the preceeding and succeeding days, a far greater

contribution would have been made by the satellite cameras.



3. INTEGRATION OF THE OBSERVATIONS

Individually no one of the above sources provided an
adequate quantitative description of the weather system under
observation. Of those discussed, the least information was
gained from routine synoptic analyses. Clearly, these
analyses are not sufficiently detailed to provide the necess-
ary information. Nor, in fact, can they be and still cover
the area they are required to cover. It remains to be seen
whether a detailed synoptic analysis, using every available
observation currently underway at the Florida State Univer-
sity, will indeed provide, from this source, additional in-
sight into the structure and dynamics of this weather system.

The satellite observations provided more information
but there seems to be as much disagreement as agreement when
conclusions drawn from the satellite pictures alone are com-
pared with the other observations. The inferred surface
wind field from the satellite pictures on 16 August does not
agree with the observed surface winds. In the tropics where
relatively small changes in wind speed and direction are im-
portant "light easterly trade and "southeasterly trade”
cannot be equated to winds blowing from 080 degrees to 070
degrees with a magnitude of greater than 8 m sec™l. There
is, however, a considerable degree of agreement between the
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cloud observations from the satellite and cloud observations
made from the aircraft, island and ship. The large scale
cloud features of the system as shown by TIROS on Fig. 2
and by the aircraft on Fig. 14 are in good agreement.
However, difficulties appear when the details of the cloud
system are compared. The "parallel mode" referred to in
Section 2.3 above, is clearly exhibited by the airecraft
photographs compiled in Fig. 14. Here the small (<10,000
ft) trade cumuli near 15N, from 58W to 60W longitude are
orientated north of east, becoming east as the island chain
is approached,there is no indication of any south of east
line-up as implied by the satellite interpretation. It may
be possible to infer from the satellite pictures [Fig. 2]
east-west and then slightly southeasterly orientation of the
cumulus clouds west of 66W which is off our map shown in Fig.
14, Furthermore, the westerly shear in the region 63W to
65W of the aircraft track is not apparent from the TIROS
pictures.

It is also interesting to compare the island cloud
patterns in Fig. 14 with Fig. 2 and Dr. Johnson's comment 4
thereon. Martinique is still under a large (A0S) cloud sys-
tem in Fig. 14. However, the vertical extent of the island
clouds observed by the aircraft, is not large over Dominica.
We believe that the difference is real, caused by the semi-
diurnal cycle in cloudiness, now well documented from this

expedition [La Seur and Garstang, 1964; Garstang, 196u4].
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The photograph in Fig. 2 was made at 0707 local time,
or at the peak of the cloudiness cycle, while the aircraft
crossed the island chain at 1530-1540 hours local time, or
close to the most suppressed period. The writers' observa-
tions on Barbados strongly suggest that the island clouds go
through a corresponding vertical development cycle.

The disturbed conditions shown in Figs. %a, b and c,
and Fig. 12a from the ship and from Barbados compare favor-
ably with the satellite pictures closest to these times and
positions. Similarly, the fair conditions shown by Fig. 12b
coincides with the clear areas in Fig. 2.

The question of westward propogation or of dissipa-
tion and intensification remains obscure. From Fig. 1 it
would appear that the cloudy region located west of the
CRAWFORD had indeed passed over the CRAWFORD during the ear-
ly hours of the morning of 15 August. Figure 2 and subse-
quent aircraft observations suggest that this system moved
westwards and intensified. Coupled with the divergence and
vertical velocity computations this movement and intensifica-
tion seems likely. Yet synoptic analysis so far suggests
that there is only a stationary or slow moving anticyclone
at 500/200 mb. It is further puzzling to find that the next
day the disturbance has all but dissipated. Further work
must be done to clarify these apparent paradoxes.

In integrating the observations from these different

systems the problem of definition of intensity arises.
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Nomenclature is unimportant unless misinterpretation is

likely to result. Certainly if a system in the atmosphere

is described as "weak" or even "very weak" and this system
proceeds to deposit precipitation in excess of one inch in

24 hours over a region measured in hundreds of kilometers,

then it would appear that misinterpretation is likely. On

the other hand, when according to the rainfall classifica-
tion the disturbance is classififed as "strang" and the wind
speed does not exceed 20 knots, this may be regarded as mis-
leading. Many other comparative tests in situations of vary-
ing circulation strength, cloudiness and precipitation are
mandatory to resolve this important point.

The integration of the observations from all sources
does not provide us with a complete picture of this distur-
bance, yet we can enumerate certain facts about this distur-
bance that by themselves do not say very much, but in light
of both our ignorance and perhaps preconceived ideas about
tropical synoptic scale systems, are important. In summary,
we list the following conclusions:

1. The disturbance is best delineated by its cloud field
which during this short period of observation was
orientated nearly east-west and reached a size of about
500 nautical miles long and at least 250 nautical miles
wide. Embedded within this large cloud shield were
moderately developed convective clouds in bands orien-

tated mostly in a southwest-northeast direction.
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The disturbance was not related to any pronounced
circulation or perturbation in the low level wind
field. It was probably related to upper level diver-
gence which, in turn, was associated with an anti-
cyclonic circulation between 500 and 200 mb and/or a
shearline at this levél. The shearliné by itself would
not appear to be an adequate explanation.
Mean vertical velocities in the lower 10,000 ft of the
troposphere associated with the active (cloud/precipita-
tion region) part of the disturbance generally exceeded
5 cm sec~l and rose as high as 8.4 cm sec-1l,
The active part of the disturbance produced a consider-
able amount of precipitation over an area at least 250
by 150 nautical miles.
The disturbance persisted as an observable synoptic
scale system for at least three days. 1Its previous
history is obscure but the possibility that it repre-
sents the remnants of a decaying system which was
previously well organized over the mid-tropical Atlantic

cannot be discounted.



4, CONCLUSIONS

The main conclusion to be drawn is the tremendous
benefit potential of this type of study. The benefit should
accrue equally to tropical meteorology and to the satellite
program. One aircraft equipped with time-lapse cameras only
is minimally adequate, if long reconnaissance legs can be
flown into numerous disturbances in an island-dotted area,
such as the Caribbean, Gulf of Mexico and Marshall Islands
region in the Pacific. Several instrumented aircraft flying
vertically superposed paths would permit divergence computa-
tions and better assessment of the vertical structure of the
troposphere.

Except for the full hurricane, our knowledge of tropi-
cal disturbances is shockingly bad. Many more types of
disturbances exist than are modelled in the textbooks or in
the literature. The vertical layered structure of the tropi-
cal atmosphere appears to permit different disturbances in
each of roughly three layers (low, middle, and high tropo-
sphere), which may or may not interact with those above or
below. The interaction between layers is poorly understood.
The situation examined in this paper is not an isolated
instance but one example of many observed east-west orienta-
ted cloud systems that occur in the tropics. Work is now
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proceeding [e.g., La Seur and Zipser, 1964] which will
provide some statistical evidence as to the frequency and
importance of this type of disturbance. At present little
is known about the connection between such a system and low
latitude cyclones or hurricanes. It is certain, however,
that such systems do play a role in the heat balance of the
atmosphere [Garstang, 1964] and in the climatology of the
tropics.

Attempts are being made to code the intensity of
tropical disturbances, particularly from satellite pictures
[Fett, 1964; Timchalk, Hubert and Fritz, 1965]1. While the
correlation between cloud pattern and wind speed may be use-
ful operationally after the development stage of a closed
circulation has been reached, a majority of tropical distur-
bances, in the sense of the weather, have no closed circula-
tion or strong winds. Most disturbances would fall in Fett's
(A) category, which clearly includes a heterogeneous collec-
tion of vastly different types of disturbances at several
levels.

It would seem less useful at this stage to attempt to
refine or further develop categories than to establish
dynamic and physical models of the flow field and its atten-
dant cloud and rainfall patterns. Theoretical and numerical
modelling of the sub-hurricane tropical disturbance is al-
most non-existent and must be undertaken if numerical pre-

diction methods are ever to become effective in the tropics.
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A necessary prerequisite to any modelling is quantitative
description from adequate and extensive correlated observa-
tions over a wide area and deep 1layer. Lacking a continen-
tal sounding network in the tropics, the only avenues for
Progress would appear to be specifically designed experiments
based upon a selected island network and incorporating

joint aircraft, oceanographic and satellite programs.
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